Biosynthesis of ent-kaurene was investigated in extracts of cell suspension cultures derived from tobacco callus (Nicotiana tabacum L.), tomato callus (Solanum lycopersicum L.), and in germinating tomato seeds. Incubation of extracts derived from the two cell cultures with either isopentenyl pyrophosphate-'4C or with 14C-labeled mevalonate, followed by alkaline phosphatase hydrolysis, resulted in the formation of trans-geranylgeraniol-14C and trans-farnesol-14C. The corresponding pyrophosphates of trans-geranylgeraniol-'4C and trans-farnesol-_4C were also detected. No detectable amount of ent-kaurene-14C was produced by these enzymatic preparations when trans-geranylgeranyl-
14C pyrophosphate served as substrate. However, copalyl-14C pyrophosphate served as a substrate for the production of ent-kaurene. Cell-free extracts derived from germinating tomato seeds catalyzed the formation of ent-kaurene-14C from mevalonate-14C, isopentenyl-14C pyrophosphate, transgeranylgeranyl-14C pyrophosphate, and copalyl-14C pyrophosphate.
The formation of the tetracycic diterpene ent-kaurenel has drawn much attention, particularly with regard to its connection to the biosynthesis of the plant growth-regulating gibberellins (11, 22) . The biosynthesis of kaurene in cell-free extracts from mevalonate or geranylgeranyl pyrophosphate has been shown in preparations from the endosperm of immature seeds of wild cucumber (Echinocystis macrocarpa) (15, 21) , in the fungus Fusariwn moniliforme (19) , in castor bean seedlings (Ricinus communis L.) (17) , and in pea (Piswn sativun L.) shoot tips (3) . The final stage in the biosynthesis of kaurene from geranylgeranyl pyrophosphate is known to proceed via a two stage mechanism, viz., the production of bicycic diterpene copalyl pyrophosphate and further conversion of the latter to kaurene (19) . This process is catalyzed by a single high mol wt enzyme complex both in F. moniliforme (9) and wild cucumber (22) . Evidence for this has been based mainly on kinetic studies and 1 Kaurene refers to ent-kaur-16-ene (also referred to as (-)kaur-16-ene). Copalol is a trivial name for the trans isomer of ent-labda-8(17), 13-dien-15-ol. Geranylgeraniol and farnesol refers to the all trans isomers.
on the fact that resolution of the two activities did not occur during the purification of the enzyme.
The reaction of kaurene synthetase has been shown to be the site of inhibition by plant growth retardants (9, 19) , and it was suggested to be the site of regulation of the biosynthetic pathway on theoretical grounds because of the role of geranylgeranyl pyrophosphate as a branch point metabolite in the biosynthesis of diterpenoids and carotenoids (22) .
Since production of gibberellins has been shown by numerous investigators to be highest under conditions in which plant cells undergo rapid differentiation, we decided to compare the pathways leading to the production of kaurene between a developing plant system and a plant system that does not undergo differentiation. For this purpose we compared the enzyme activities leading to the formation of kaurene in germinating tomato seeds and tomato callus. Since the results with the tomato callus cell cultures were quite unexpected, we examined an additional cell culture. Tobacco cell culture was found most suitable for this purpose because of the convenient way it can be grown and maintained. (10) , and grown in Tulecke liquid medium (20) , as modified by Behrend and Miteles (unpublished data). The liquid medium contained: KNO3 (1.8 g), MgSO4.7 H20 (760 mg), NaH2PO4H2O (300 mg), CaCd2 (200 mg), KI (500 Ag), H3BO3 (200,g), MnSO4.H20 (800 ,ug), ZnSO4.7 H20 (500 Ag), CuSO4.H20 (20,g), Na2MoO4 (10 ,ug), CoCl2*6 H20 (10 ,g), nicotinic acid (1 mg), pyridoxine-HCI (500,ug), thiamin (500 ,Ag), ferric citrate (5 mg), myo-inositol (100 mg), sucrose (20 g) and 2,4-dichlorophenoxyacetic acid (500 Mg) in a total volume of 1 liter. The pH of the medium was adjusted to 4.5 with KOH.
MATERIALS AND METHODS
Tomato cell cultures were maintained on solid, and grown on liquid Murashige-Skoog medium (14) .
Liquid cultures were grown in 250 ml flasks containing 100 ml of medium, agitated in a reciprocal shaker at 27 C. Transfer of 10% inoculum to a fresh medium was done every 14 days.
Germination of Tomato Seeds. Tomato seeds were allowed to swell in water for 24 hr and then were spread on a filter paper. The edges of the paper were dipped in water and the seeds were germinated at 24 C. Water was changed every day and seeds were harvested after three days. (4) , as reported by Popjak et al. (16) . The amounts of reagents used for pyrophosphorylation, the duration of the reaction, and the final purification of the pyrophosphate esters were done according to the procedure previously described for the synthesis of farnesyl-'H pyrophosphate (18 (Table II) . S35 extract from 4-day-old germinating tomato seeds reproducibly converted geranylgeranyl-'4C pyrophosphate to kaurene-14C. On occasion the amount of copalol produced was higher than that shown in Table II . Usually, the relative amount of copalol increased at higher substrate concentrations. Figure 2 depicts the formation of kaurene-'4C from geranylgeranyl-'4C pyrophosphate. Copalol migrates in this chromatographic system to RF of 0.42.
Production of Kaurene-14C from Copalyl-'4C Pyrophosphate. S35 preparations from both tomato and tobacco cell cultures and from germinating tomato seeds converted copalyl-l4C pyrophosphate to kaurene-"4C (Table III) . The relative activity of S35 preparations derived from cell cultures was higher than that observed for germinating seeds extract. Nevertheless, all products obtained were identified as kaurene. Figure 3 depicts co-chromatography of an authentic standard of kaurene with kaurene-14C obtained from incubation of S35 enzyme preparation of tobacco cell culture with copalyl-'4C pyrophosphate. The large amount of radioactivity at the origin is copalol-'4C, presumably released by phosphatase(s) present in the extract. The small peak of radioactivity at RF 0.57 is usually formed under the incubation conditions and does not coincide with any of the known intermediates leading to the formation of kaurene. Its identity is not known. The products of incubations employing S35 enzymes from tomato cell culture and germinating seeds were identified as kaurene-"4C in the same way as above. The enzyme activity responsible for the conversion of copalyl pyrophosphate to kaurene is present in the cell cultures at all times. This activity appears on the second day of seed germination and continues. The longest time tested was 24 days.
DISCUSSION
Earlier studies, which were designed to elucidate the biosynthetic pathway leading to formation of kaurene, were performed with preparations which had a high capacity for kaurene production (1, 5, 15, 17, 21) . Attempts to correlate the rate of pro- In 'Alaska' pea shoots, a parallel increase in GA production and rate of kaurene synthesis was observed (7), and in developing pea seeds, GA production lags slightly in the capacity for kaurene synthesis (2). Suggestions were made that kaurene synthetase, the enzyme responsible for the conversion of geranylgeranyl pyrophosphate to kaurene, is the site of the metabolic control for the biosynthesis of gibberellins because of its location as the first specific step in the metabolic pathway (9, 22) . This enzyme was purified and investigated during which the existence of the intermediate copalyl pyrophosphate was established and the precise step in which various plant growth retardants act was determined (9, 19 AgNO3. The plate was developed for 10 cm with n-hexane-benzene (7:3) . Appearance of radioactive kaurene is seen under the standard (K) and the copalol-"4C formed stays at the origin. Additional unidentified radioactive product is noted behind the kaurene peak. K < X. I geranylgeranyl-"4C pyrophosphate with these enzymic preparations (Table II) . Although production of kaurene-14C is readily observed in incubations of geranylgeranyl-"4C pyrophosphate with S35 preparation from germinating tomato seeds ( Fig. 2 (9) . This hypothesis is in agreement with the observation that low production of copalol-14C compared to kaurene-14C is observed in incubation of S35 preparation from germinating tomato seeds with isopentenyl-'4C pyrophosphate (Table I) , or with geranylgeranyl-14C pyrophosphate (Table II) . In addition, formation of kaurene-'4C from added copalyl-'4C pyrophosphate in S35 preparations from germinating seeds is relatively low (Table III) . The observation that S35 preparation from cell cultures catalyzes activity B and not activity A can be explained by one of two possibilities. In the first instance, the existence of endogenous inhibitor which acts preferentially on activity A, might give rise to this sort of data. Such an inhibitor will be analogous in its action to certain growth retardants such as Amo 1618 and CCC (19) . Such a possibility has been suggested (22) . The other possibility is that the conversion of copalyl pyrophosphate to kaurene in cell cultures is catalyzed by a different enzyme than that existing in germinating tomato seeds or those previously investigated in F. moniliforme and wild cucumber. Some support for the second possibility comes from the relatively high conversion of copalyl-"4C pyrophosphate to kaurene-14C observed in enzyme preparations from cell-culture compared to that from germinating tomato seeds (Table III) . Decision between the two possibilities will require further study of the enzymes involved. The data presented are in accord with the possibility that a control point of the pathway leading to the production of gibberellins is at the first step, namely, the production of copalyl pyrophosphate from geranylgeranyl pyrophosphate. Comparison of physical and kinetic properties of kaurene synthetases from germinating tomato seeds and cell culture is under investigation.
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